Two ancestral populations (Kenya and Reunion), two Mediterranean (Procida and Sardinia) and one new American population (Guatemala) of Ceratitis capitata were examined by electrophoresis for genetic variability at 27 enzyme loci. Two ordination approaches (principal component analysis and a tree representation) and F-statistical analysis have been used to distinguish the various patterns of genetic variations and to infer the underline causes and their relative contribution to the total variation. Three main patterns of variation emerge from the data: geographical, annual and seasonal differentiation. A main part of intraspecific variability involves the differentiation of central (Kenya and Reunion) versus peripheral populations (the Meditterranean and the American populations). The analysis suggests that the genetic structure of these populations is correlated with the historical events of their colonization. The affinity of the Guatemalan population with the Kenyan one could be the result of a recent founding of this population from the source area (Africa). More ancient historical events of colonization characterize the two Mediterranean populations. Seasonal variation has been found in the Procida population and chiefly involves the Mpi locus. In the same population the genetic variation across years has a minimum in 1986 due to the release of sterile T-101 males.
Introduction
The Mediterranean fruit fly, Ceratitis capitata, is a polyphagous and multivoltine tropical species which in the last 100 years has spread from its supposed origin in Africa to a number of countries including the Mediterranean basin, parts of South and Central America and Australia (Fletcher, 1989a) . Historically some of the spread of the medfly has been documented (Hagen et al., 1981) . As this species seems to have travelled with man, it has been suggested that from its supposed origin (Southern Africa) it travelled from the east coast of Africa to the Mediterranean with the Arab trade (Maddison & Bartlett, 1989) . In the Mediterranean region the medfly exploits a great part of its biological potential because these areas offer an increasing number of host fruits owing to the introduction of new species of cultivars (Fimiani, 1989) . The first record of this pest in the European Mediterranean area was in Spain in 1842 (De Breme, 1842 and in Italy (Calabria) in 1863 (Martelli, 1910) . Gallo etal. (1970) reports the first record of its presence in the Americas in 1905 in Brasil.
With respect to colonization, we suggest that the world medfly populations can be divided into three main categories. (i) ancestral populations: from the African mainland, south of the Sahara, (ii) ancient populations: the Mediterranean populations; and (iii) new populations: the American populations. Information on dispersal and on colonization rate of this species (Fletcher, 1 989b) , coupled with knowledge of the genetic structure of natural populations (Milani et al., 1989) , is crucial to gain an understanding of the life-history strategies which determine the rate of gene flow between different sub-populations, and in planfling management strategies against the pest species. Despite its economic importance, the species is still poorly studied from the standpoint of population genetics. Intraspecific genetic differentiation is expected to be associated with the colonization history of C. capitata, despite the apparent morphological uniformity within this species (White, 1989) . Previous studies have shown large genetic differences between introduced populations and African ones (Huettel et a!., 1980; Gasperi et aL, 1987; Gasperi et a!., 1991) . Such data have provided information on the relative contributions of selection, gene flow, genetic drift and geographical isolation on the genetic pattern of this species. In this paper we examine two ancestral populations (Kenya and Reunion), two ancient populations from the Mediterranean (Procida and Sardinia) and one new population: Guatemala. The aim is to describe the pattern of geographical and temporal variation and to infer the causes determining the relative similarity of the medfly populations. Mediterranean populations are interesting because winter and summer generations develop under very different conditions. For the Procida population, therefore, temporal variation in allele frequencies was studied over several different months in four consecutive years (1983) (1984) (1985) (1986) Mediterranean populations. Procida is an island in the gulf of Naples (Italy) located 2.7 km from the mainland and with a total surface of 3.7 km2. On this island during the year the density of the medfly population is oscillatory, with a very low density phase in winter and early spring (December-April: 20 flies/ha), a medium density phase in May-July (200 adults/ha) and very high densities in August-September (30,000 adults/ha) (Cirio, 1974) . The overwintenng medfly population is composed mainly of larvae utilizing bitter orange as a host. Procida island was chosen as an experimental area to study the field performance of sterilized males from genetic sexing strains (Robinson, 1989) in a cooperative programme between ENEA (Italian National Conmiittee for Research and Development of Nuclear Energy) and IAEA (International Atomic Energy Agency) for the control of medfly using the SIT method (Sterile Insect Technique) (Cirio eta!., 1987) . A total of 20.2 million sterile males from the strain T-101 (Seibersdorf, IAEA Laboratory) were released on the island of Procida from April 14 to July 13, 1986 . The Procida population was sampled over seasons, and consequently over density phases, from 1983 to 1986. A total of 22 samples comprising 751 specimens was obtained. The samples of 1986 were collected after the T-101 fly release. In July 1986 a sample of pupae was also collected on the adjacent mainland at Monte di Procida. The population from Sardinia was sampled for four consecutive years (October 1985 , September 1986 , September 1987 , September 1989 in the Western and Eastern parts of Central Sardinia.
Collections of wild flies from these Mediterranean populations were made by harvesting infested fruits (peach, apricot, fig, bitter orange) from the ground beneath trees, and rearing the larvae in the laboratory.
American population. This population was sampled once in February 1989 from coffee berries from a farm near Antigua (Guatemala).
Electrophoretic studies. Preparation of samples and electrophoretic procedures are described by Gasperi et a!. (1991) . For each population sample at least 25 individuals were assayed at the following 27 enzyme loci: Mpi, Est6, Md/i2, Hk2, Est1, Est2, Pgi, Zw, Pgd, Fh, Had, Hk1, Id/i, Pgm, Got1, Got2, Ak2, Md/i1, Adh2, Gpt, Pgk, Me, a-Gpdh, Aox, Ak1, Acon1, Acon,. Staining for enzyme activities after electrophoresis was based on recipes of Meera Khan (1971) and Harris & Hopkinson (1976) . The loci a-Gpdh, Aox, Ak2, were monomorphic in all samples.
Data analysis. The measurement and testing of heterogeneity among samples from different geographical areas were carried out in different ways. H5, HT, F15, F and FST statistics were computed by the method of Nei & Chesser (1983) . The FST values were tested for departure from zero with the method of Workman & Niswander (1970) . Two ordination approaches have been used for electrophoretic data: principal component analysis and a tree representation. The rationale for applying principal component analysis to allele frequencies is given in Cavalli Sforza & Bodmer (1971) , and in Guglielmino et a!., (1990) . Principal component analysis (Sneath & Sokal, 1973 ) is used to examine spatial patterns of association of populations. The method allows one to summarize the total variation among populations accounted for by the N row variables in N neW, synthetic and orthogonal variables, few of which will hopefully explain a high proportion of the total variation.
Cluster analysis through a tree representation was performed using the niosys-i program of Swofford & Selander (1981) . The Cavalli Sforza & Edwards (1967) chord genetic distance was used and from this distance measure, trees were constructed using Unweighted Pair-Group Arithmetic Average (UPGMA ) cluster analysis (Sneath & Sokal, 1973) .
Results

A tree obtained with Cavalli Sforza and Edwards'
distances representing all the 36 samples from the two native (Kenya, Reunion) and three introduced populations (Sardinia, Procida and Guatemala) is shown in Fig. 1 Principal component analysis
The 36 population samples are plotted in Fig. 2 with respect to the first two principal axes, which together account for 49.2 per cent of the total variation in allele frequencies. ( Table 1 ). An attempt to relate this genetic variability to the coordinates of samples along the first axis is shown in the correlation (Fig. 3) these samples represent the after-treatment rising population (Cirio et a!., 1987) . The average heterozygosity (H), proportion of polymorphic loci (P) and mean number of alleles per locus (A), observed for each year in Procida samples, are presented in (Fig. 4) shows that a significant portion of the variance of the second principal component is explained by seasonality (F(l) = 7.17, P <0.01). Analysis of variance (ANOVA II, and between years components (HT) in Table 3 , and into within seasons (Hg) and across season components (HT) in Table 4 . In both comparisons the proportion of heterozygosity attributable to differentiation is represented by the fixation index FST and the loci are Fig. 4 Regression analysis between seasonality, expressed as the sequence of months from the beginning of the harvesting season, and the score relative to the second principal component, for the 22 Procida samples. Abscissa: 1, June; 2, July; 3, August; 4, September; 5, October; 6, November; 7, December; 8, January; 9, February; 10, March; 11, April; 12, May. The correlation coefficient is 0.514, with P <0.05. y = 0.067 x -0.271, R-squared: 0.264.
heterogeneity between season samples, as indicated by the F51 heterogeneity chi-squared analysis. In the Procida population, there is a trend in the Mpi allele frequencies during the year as shown in Fig. 5 . Only three samples (April 1983 , December 1984 , February 1985 represent the wintering season: in all three the Mpi105 allele appears with an unexpectedly high frequency.
Removing the Mpi locus. The dendrogram and the PCA plot in Fig. 1 and 2 portray the entangling of spatial and temporal variation in the medfly population.
Procida samples exhibited statistically significant gene heterogeneity across the seasons at the Mpi locus, as seen from the FST analysis. When this locus is removed from the cluster analysis, the seasonal pattern disappears ( Fig. 6a and b ). In the tree of Fig Reunion, expressed by the second principal component and by the main split in the tree, can be correlated with the previous results (Gasperi et al., 1991) which support the hypothesis of founder effect and selection for the differentiation of this population. The affinity of the Guatemalan population with the Kenyan one could be the result of a recent colonization of Guatemala from the source area, although the fact that this population is represented by a single sample urges caution in interpretation. For this new population the extent of divergence could be related to the time of divergence because the oldest record of medfly in Latin America is dated around 1905 (Gallo et a!., 1970) . However, an hypothesis of the effect of common host plant specificity (coffee) with the Kenyan population must not be excluded. More ancient historical events of colonization (1863), (Firmiani, 1989) characterize the other two derived MeditelTanean populations, Procida and Sardinia. Genetic analysis presented here supports the subdivision of these populations with respect to their history, as ancestral (Kenyan and Reunion), ancient (Mediterranean) and new populations (Guatemala).
Seasonal and temporal differentiation
In extending its geographical range, C. capitata faces new ecological constraints of a temperate climate, the most drastic of which is a cold winter. Mediterranean medfly populations experience seasonal cyclic variation because winter and summer generations develop under very different conditions. The anomalous allocation of cold seasons samples in the tree of Fig. 1 , and the correlation of seasonality with the second principal component, both result from variation at the Mpi locus, which also shows very high FST values across seasons. The Procida population undergoes seasonal fluctuations with very low population densities in December-April and very high densities in late August-September (Cirio, 1974) ; therefore the observed gene diversity for the Mpi locus across seasons may relate to different density phase samples of this population. In a series of generations subjected to bottlenecks an increased FST is to be expected. The deviation from panmixia at the Mpi locus can hardly be attributed to inbreeding, given the absence of analogous indications for linked loci (Table 4) . Nevertheless an inbreeding effect cannot be completely excluded because (a) in colder months, the population size reaches the minimum level and (b) gametes from closely related individuals are likely to combine in higher frequency than expected because of the aggregation of individuals in a zone where food is available (bitter oranges only) (Cirio, 1974) . In the winter season (December-April) the population size of Procida is probably close to the effective population size given its lowest density phase. A limited effective population size, under natural selection pressure, can speed the rate of increase of a selectively advantageous mutant (Kimura & Ohta, 1971 ) across the seasons. Mpi codes for a function which controls the phosphorylation of mannose. A purely speculative hypothesis is that among the allozymatic forms coded for by the Mpi locus, a differential efficiency exists and that a more efficient form is selected to pass through the winter season (Mpi'°5). The average value of heterozygosity across the years has a low value in 1986, probably due to the release of sterile T-101 males. Before this event the values of the genetic parameter H generally increased from 1983 to 1985, reaching an intermediate level of polymorphism also in the generation after the release. The increased level of heterozygosity over the years can be ascribed to the accumulation of new alleles. The new alleles may represent genes so rare before as to have escaped detection or they may reveal a high migration rate from the nearby mainland area (Cirio & De Murtas, 1974) . Finally, from the methodological point of view we found a good correspondence between the phenetic approaches (principal component and tree analysis) and the hierarchial gene diversity analysis. Principal component analysis, in addition to its descriptive function, provided two synthetic indices of total genetic variability, i.e. the two first principal components, representing spatial and temporal variates of C.
capitata. Complementary to this, F-statistical analysis allows the recognition of spatial or temporal difference between population subunits and identifies the genes mainly involved in the differentiation. In this respect, there is evidence for the presence of a seasonal Wahiund effect in the Mediterranean Procida population.
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